ABSTRACT: Colloidal synthesis of copper tin sulfide (CTS) nanocrystals has been of great interest due to their potential for use in solution-processed photovoltaics containing only earthabundant, low-toxicity elements. Postsynthetic incorporation of Sn into copper sulfide is an effective means of producing CTS, and Sn content can be controlled to some extent by the amount of Sn precursor provided. However, the oxidation (valence) state of Sn before and after doping and the effectiveness of Sn(II) vs Sn(IV) precursors remain topics of significant debate. Here, we demonstrate a step-growth method for preparing monodisperse copper tin sulfide (CTS) nanoplatelets (NPls , could be incorporated without use of DDT, and the extent of Sn incorporation was very limited, perhaps only filling Cu vacancies and not displacing any Cu from the lattice. Together with previous studies of CTS preparation from Cu 2−x S using Sn 4+ and DDT, these results provide a flexible array of methods of achieving a desired final CTS composition, crystal structure, and morphology. The ability to produce two different crystal phases of CTS, with corresponding differences in band gap and other properties, from the same covellite template while retaining the template size and morphology could be particularly valuable.
■ INTRODUCTION
The family of copper chalcogenide-based semiconductors, which includes copper indium sulfide/selenide 1,2 (CIS), copper tin sulfide 3−7 (CTS), copper indium gallium sulfide/selenide 8, 9 (CIGS), and copper zinc tin sulfide/selenide 10−15 (CZTS) is of great interest for use in thin-film solar cells. Preparation of these materials as colloidal inks can allow low-cost fabrication by solution-phase printing and coating processes. To date, the efficiency of CZTS-based solar cells has reached 12.6%. 11 CTS is an intermediate crystal that can be further doped with zinc to make CZTS. CTS nanocrystals (NCs) can, themselves, serve as an absorber for thin-film photovoltaics, with a near-optimal band gap around 1.43 eV. 16 Further, CTS, is composed of relatively low-cost, naturally abundant, and nontoxic elements. 6, 7, 16 Thus, it is of great interest both as an intermediate to formation of CZTS and for its own potential applications in solar cells and related optoelectronic devices.
Properties of compound semiconductors, including the copper chalcogenides, can be tuned by varying the cation fraction in mixed cation materials such as CTS. Two alternatives are available for preparation of such materials: (1) direct synthesis of ternary materials using multiple cation precursors simultaneously; 2, 3 and (2) multistep synthesis in which NPs of a binary material are first prepared, and then a cation exchange process is used to introduce the second cation. 6 In some cases, copper chalcogenides have been used as templates for complete cation exchange to produce an entirely different metal chalcogenide from which all copper cations have been depleted. 17 Direct synthesis of ternary or quaternary materials from multiple precursors in one pot often suffers from stoichiometric imbalance and formation of secondary phases due to differences in precursor reactivities. Cation exchange can circumvent this by stepwise replacement of cations. Adjustment of reactivity of one reagent is much easier than managing the reactivity of multiple precursors simultaneously. 18 The cation ratio in the product can also be easily manipulated by the amount of substitutive cation provided. For copper sulfide, the process can also be tuned through use of copper-extracting agents such as trioctylphosphine (TOP) and dodecanethiol (DDT). The strong affinity of such reagents for Cu + , combined with the modest stability of the soft copper−chalcogenide bond, facilitates exchange of Cu for metals that form stronger bonds with chalcogenides and/or are more weakly complexed by these agents. 18 This has been demonstrated for making CdS from copper sulfide. 19 Choosing appropriate copper-extracting ligands is crucial in cation exchange.
Although copper sulfide doping with Sn has been previously studied, valence selectivity has been greatly debated for converting copper chalcogenides into copper tin chalcogenides. Recent research suggested Sn 4+ can more effectively insert into the CuX substrate, due to its smaller size relative to Sn 2+ . Starting from berzelianite Cu 2−x Se, use of Sn 4+ precursors allowed production of CTSe NCs, while use of Sn 2+ produced heterostructures of Cu 2−x Se and SnSe. 20 The effectiveness of Sn incorporation, however, may vary with the stoichiometry and crystal phase of the starting copper chalcogenide nanostructures. Starting from NCs of different crystal phase may also produce final alloyed NCs of different crystal phases. Here we focus on using covellite CuS as the host lattice, because few examples of cation insertion or exchange starting from covellite CuS have been reported, 21 and because covellite has the unique structural feature of potentially reactive disulfide bonds in its crystal structure. Stabilizing ligands with a variety of functional groups have been employed to promote cation insertion and exchange. We selected DDT for its low toxicity, stability in air, and good performance in other cation exchange reactions. 18 Here, we focus on the cation valence-dependent conversion of covellite nanocrystals to ternary CTS materials, starting from relatively large covellite nanoplatelets. We found the ability of Sn 2+ or Sn 4+ to incorporate into copper sulfide was determined by the host lattice. Covellite accepts only Sn
2+
, eventually converting to kuramite CTS. However, this result was reversed in the presence of DDT, which produced mohite upon incorporation of Sn 4+ . Only Sn 4+ was effective for incorporation of Sn into djurleite (Cu 31 S 16 ). We attribute this cation selectivity to the disulfide bond in the covellite nanocrystal. The different phases of final product reflect two different cation incorporation mechanisms.
■ EXPERIMENTAL SECTION
All chemicals were used as received. Oleylamine (OLAM; 70%), tin(II) chloride (SnCl 2 ; reagent grade, 98%), tin(IV) chloride pentahydrate (SnCl 4 ; reagent grade, 98%), oleic acid (OA; technical grade, 90%), and 1-dodecanethiol (DDT; ≥98%) were purchased from Sigma-Aldrich. CuCl 2 ·2H 2 O, CuCl, sulfur powder, toluene, and ammonium sulfide (21.2 wt % in water) were purchased from Fisher Scientific.
Preparing CuS Nanoplatelets. For the synthesis of ∼55 nm hexagonal CuS nanoplatelets (NPls), 1.5 mmol of CuCl 2 ·2H 2 O was dissolved in a mixture of 10 mL of OLAM and 10 mL of toluene and then heated to 70°C. A 1.5 mL aliquot of ammonium sulfide solution (21.2% in water) was injected into the Cu−OLAM to form CuS NPls. After 120 min, 10 mL of ethanol was added to destabilize the NPl dispersion, followed by centrifugation at 4000 rpm for 1 min. The NPls could be re-dispersed in organic solvents including chloroform, hexane, and toluene. Toluene dispersions were used in subsequent experiments reported here.
Incorporation of Sn into CuS NPls. In a typical synthesis of kuramite NPls using Sn 2+ precursor without DDT, 0.167 mmol (31.67 mg) of SnCl 2 was dissolved in 10 mL of OLAM and then heated to 160°C. A 0.5 mL aliquot of CuS NPl dispersion containing 0.5 mmol of Cu was injected into Sn−OLAM and aged for 20 min. To purify the NPls, 10 mL of ethanol was added, followed by centrifuging at 4000 rpm for about 1 min. Different SnCl 2 amounts were used to synthesize Cu 3 4 was added to a mixture of 8 mL of OLAM and 2 mL of DDT and then heated to 160°C, followed by injecting 0.5 mL of CuS NPl dispersion into Sn−OLAM−DDT and aging for 20 min. To purify the NPls, 10 mL of ethanol was added, followed by centrifuging at 4000 rpm for about 1 min. To test the incorporation of Sn 2+ in the presence of DDT, 0.167 mmol (31.67 mg) of SnCl 2 was used to replace SnCl 4 , while the other experimental conditions and procedures were kept the same as those for the synthesis of mohite NPls Preparing Djurleite (Cu 2-x S) NPls. We followed our previously reported method for preparing Cu 2-x S djurleite NPls. 22 Briefly, S-OA precursor was prepared by mixing 1 mmol of sulfur powder with 10 mL of OLAM and heating at 120°C for 20−30 min. Cu 2−x S NPls with a diameter of~12 nm were produced by injecting 5 mL of S−OA into 10 mL of Cu I −OLAM solution at 140°C. The temperature was held at 133°C for about 2 min. Incorporation of Sn into Cu 2−x S followed the same procedure used for CuS.
Incorporation of Sn into Cu 2-x S NCs. To incorporate Sn into Cu 2−x S, in a typical synthesis, 0.167 mmol (58.3 mg) of SnCl 4 or (31.5 mg) of SnCl 2 was dissolved in 10 mL of OLAM and then heated to 160°C. Cu 2−x S containing 0.5 mmol of Cu was injected into Sn− OLAM and aged for 20 min. To purify the NPls, 10 mL of ethanol was added to the reaction solution, followed by centrifuging at 5000 rpm for about 1 min.
■ CHARACTERIZATION
Transmission electron microscopy (TEM) images were obtained using a JEOL JEM-2010 or an FEI Tecnai F20 G2, in both cases at an accelerating voltage of 200 kV. TEM grids were prepared by dropping a dilute NC dispersion onto a carbon-coated copper or nickel TEM grid and drying in air. Size distributions were obtained from TEM images by measuring at least 100 (in most cases at least 150) NCs from multiple TEM images from different areas of the grid, using Nanomeasurer v. 1.2. STEM imaging was carried out on a FEI Tecnai F20 200 kV STEM with a Fischione HAADF STEM detector using samples prepared on Ni TEM grids. Powder Xray diffraction (XRD) measurements were carried out using a Rigaku Ultima IV diffractometer with a Cu Kα X-ray source. Samples were prepared by drop-casting concentrated NC dispersions onto glass slides. Elemental analysis of NCs by energy-dispersive X-ray spectroscopy (EDX) was obtained using an Oxford Instruments X-Max 20 mm 2 EDX detector within a Zeiss Auriga scanning electron microscope (SEM). UV−vis−near-IR spectra of NC dispersions in chloroform were taken on a Shimadzu UV-3600. X-ray photoelectron spectra (XPS) were acquired on a Phi Versa Probe 5000 with an Al Kα X-ray source.
■ RESULTS CuS Nanoplatelet Synthesis. Large nanoplatelets were synthesized by a minor modification of our previously reported method. 23 Synthesis at 70°C produced large nanoplatelets with a fixed thickness of ∼4 nm. The size of the NPls was controlled either by addition of ammonium sulfide or by the concentration of precursors in the solution. Size changes can be explained by sulfur-induced aggregation and nucleation-and-growth theory, respectively.
23,24 Figure 1a shows a TEM image of 55.5 ± 2.8 nm covellite CuS NPls. Diameters of hexagons are reported as mean ± one standard deviation, according to their excircles. Size-distribution histograms for this and subsequent samples Figure S2 in the Supporting Information). Elemental analysis by EDX showed a linear relationship between the Sn cation fraction (Sn/(Cu + Sn)) in the precursors and the final Sn cation fraction in the CTS NPls ( Figure S3 ). Combined with the observation that no copper ions remain in solution, either after the NPl synthesis or after Sn incorporation, this implies that the efficiency of Sn incorporation was nearly 100%; virtually all of the Sn supplied as OLAM−Sn 2+ was incorporated into the covellite host lattice. Starting from the CuS NPl templates, Cu 3 Sn x S 3+x NCs (0 ≤ x ≤ 1) gradually changed from the covellite (CuS) crystal structure to kuramite (Cu 3 SnS 4 ). The excess sulfur required for this conversion was presumably provided by residual S 2− remaining from the CuS NPl synthesis. As shown in Figure 3 , both crystal phases have a major peak at 2θ ≈ 48°, which changes little with Sn incorporation. The shift of the covellite peak near 31°to ∼34°provides the clearest evidence of the phase transformation.
Chemistry of Materials
We employed STEM HAADF EDX mapping to characterize the composition of individual NPls. Panels a and b of Figure 4 show an STEM HAADF image and an EDX line-scan analysis of kuramite CTS NPls (prepared using a 3:1 Cu:Sn ratio), while panels c and d of Figure 4 show the results obtained using an excess of OLAM−Sn 2+ (1:1 Cu:Sn ratio), which results in formation of a secondary phase, visible as flower-like structures. We first discuss the 3:1 case. The EDX line scan of Figure 4b shows that Cu, Sn, and S are uniformly distributed across the nanoplatelet. The signals decay on both sides, which suggests that the region outside the platelet is free of these elements. The chlorine signals are due to trace residues of the metal-Cl salts used as precursors. When excess Sn 2+ was supplied, beyond the stoichiometric 3:1 Cu:Sn ratio for kuramite, a secondary phase appeared. A sharp new peak near 21.7°a ppears in the XRD pattern shown in Figure S4a . This phase appears as the nanoflowers shown in Figure S4b and Figure 4c . There are multiple reports of flower-like tin sulfide NCs, which all agree that SnS NCs tend to form flower-like morphology. 25−27 An EDX line scan (Figure 4d ) across the nanoflower in Figure 4c shows that the Sn content is much higher than that of CTS NPls. However, the significant Cu signal detected implies that CTS NPls may be attached on or beneath the nanoflower. While the single new XRD peak and limited composition data do not allow unambiguous identification of this new phase, clearly a new Sn-rich phase is formed when excess Sn is added. The covellite NPls exhibit strong NIR LSPR absorbance from 1000 to 2000 nm depending on their aspect ratio. 23 As the Sn content of the NPls increased, the LSPR shifted to longer wavelength (red-shifted) and decreased in intensity, an important indication of successful Sn incorporation, accompanied by a reduced cation deficiency and corresponding reduced free carrier concentration.
3 Figure S5a shows that starting from covellite NCs, with an absorbance peak at 1400 nm, the addition of increasing amounts of Sn induced a red shift of the near-IR absorbance band to around 1600 nm. The red shift of the LSPR is attributed to a decrease in the free carrier concentration with increased Sn content. 28 This change in LSPR absorbance is consistent with the transformation from covellite to kuramite. However, the fact that the LSPR absorbance persists even after conversion to kuramite suggests that the NPls remain cation deficient. Kuramite nanoparticles prepared directly in solution were reported not to exhibit LSPR, 16 but thin films of copper-deficient kuramite have shown free carrier concentrations of 3 × 10 21 cm −3
. 7 A similar free carrier concentration would produce near-IR LSPR in the NPls. In addition, the UV−vis absorbance band of absorbance of these NPls are recorded in the inset of Figure S5a . The absorbance minimum (trough) between the UV−vis band-toband absorbance and the LSPR absorbance also red-shifted with increased Sn incorporation, reflecting a decrease in band gap energy accompanying the conversion from covellite CuS to kuramite Cu 3 SnS 4 . However, the overlap between the band-toband and LSPR absorbances prevented us from quantitatively extracting the optical band gap from these absorbance spectra. The indirect band gaps of these CTS NPls were estimated by extrapolating the linear portion of plots of (αhν) 2 vs hν, the photon energy, to α = 0 ( Figure S5b ). Based on this estimation, the band gap energy of covellite CuS NPls is nearly 2.40 eV. The indirect band gap of CTS NPls estimated in this manner increased from 2.46 to 2.90 eV with increasing incorporation of Sn into covellite CuS. Although overlap between the tails of band gap absorbance and LSPR absorbance, along with possible defect-related absorbance, produce substantial ambiguity and uncertainty in the determination of bandgaps from such optical absorbance measurements, we believe the trend of increasing bandgap with increasing Sn incorporation is genuine.
Incorporation of Sn 4+ into Covellite. In contrast to Sn
2+
, we found that Sn 4+ could not be incorporated into the CuS NPls under conditions similar to those used for Sn 2+ incorporation. Panels a and b of Figure S6 show representative TEM images of the product of attempts to incorporate Sn 4+ into covellite CuS. As shown there, the NPls were etched and separate nanoparticles of a secondary phase are evident. Comparison of XRD patterns of samples before and after the attempted Sn 4+ incorporation confirm the presence of a second phase ( Figure  5 ). The primary diffraction peaks of covellite, corresponding to the (110) and (102) 29−31 The key difference between djurleite and covellite is the absence of disulfide bonds in djurleite, which implies that Sn incorporation requires actual cation exchange and cannot occur by disulfide bond reduction. Thus, the similarity between Cu and Sn ions is expected to be more important in this case. Our group previously reported that djurleite Cu 2−x S can be prepared by hot injection of oleic acid− S (OA−S) into OLAM−Cu precursor. 22 The TEM image in Figure 6a shows a representative example of 11.8 ± 0.7 nm Cu 2−x S NPls prepared by this approach, including a few NPls that are stacked such that they are visible in side view, confirming their "plate-like" shape. A similar protocol for Sn ion exchange to that used with the covellite NPls was applied to these Cu 2−x S NPls. As described in more detail in part 5 of the SI, both relatively air stable Sn 2+ and Sn 4+ were employed in these experiments. As shown in Figure S7 in the SI, Sn 2+ shows no signs of incorporating into Cu 2−x S. Rather, as indicated by both imaging and SAED, a secondary phase of larger, flowerlike structures was formed. This is not surprising, because the radius of Sn 2+ (∼1.18 Å) is much larger than that of Cu + (∼0.6 Å), and this difference inhibits the substitution of Cu in the lattice by Sn. 20 Because the radius of Sn 4+ is only ∼0.55 Å, it may be better able to participate in the cation exchange reaction. The small size is similar to that of Cu + , allowing it to diffuse more readily in the crystal lattice. After exposing the Cu 2−x S NPls to Sn 4+ , little evidence of formation of secondary phases, e.g., much bigger or smaller NCs, was observed and the NPls retained their initial size and shape. However, STEM HAADF mapping and EDX line profiles showed that very little Sn was present in the Cu 2−x S NPls (Figure 6b,c) . Large-area EDX analysis in the SEM (Table S1 in the SI) indicated a Sn content of 2.3 at. %. This modest Sn content could result from Sn 4+ filling vacancies in the djurleite lattice without replacing any Cu cations or from Sn adsorbed at the NPl surface. The LSPR absorbance ( Figure  S8 ) of the NPls showed little change after exposure to Sn 4+ , suggesting that relatively few cation vacancies were filled. Previously, Gao et al. reported that orthorhombic Cu 3 SnS 4 nanocubes and nanosheets were prepared using monoclinic Cu 31 S 16 nanocrystals as seeds. 6 More broadly, several examples of cation exchange using copper chalcogenide templates (e.g., Cu 2−x S 32 and Cu 2−x Se 20 ) with DDT as a surfactant and copper extraction agent have been reported. Based on hard/soft acid base theory, the thiol in DDT, a soft base, can interact strongly with Cu + , which is a soft acid. The ability of the thiol to help extract Cu + out of the framework allows Sn 4+ to more readily replace it in the cation sublattice. The limited cation exchange observed here suggests that OLAM cannot serve to extract Cu + from the lattice in a manner similar to DDT.
Chemistry of Materials
Reaction with DDT. DDT has been used as a capping ligand for many nanoparticle synthesis processes and, as discussed above, can enhance cation exchange in copper chalcogenides by extracting copper from the lattice. Here, we performed the same experiments described above, using either Sn 2+ or Sn 4+ , with the addition of DDT to test the hypothesis that DDT drives cation exchange in this system. Panels a and b of Figure 7 show a representative TEM image and XRD pattern of the product of treating covellite NPls with Sn 4+ in the presence of DDT. The TEM image shows that the original size and shape of the NPls was well-preserved, and no separate phases can be found. The corresponding XRD pattern shows that the NPls have been converted to the mohite phase of CTS (ICDD PDF 04-010-5719), for which the standard stoichiometry is Cu 2 SnS 3 . This demonstrates that the initial covellite NPls can be converted to two different CTS materials using different combinations of Sn sources and additives. Without DDT, Sn 2+ addition produced kuramite, and with DDT, Sn 4+ produced mohite, while in both cases the NPl size and morphology were preserved. When Sn 2+ was used with DDT, as shown in the TEM image of Figure S9a in SI, NPs of a secondary phase were formed, and the corresponding XRD pattern ( Figure S9b) showed the presence of both covellite and herzenbergite SnS. This may be explained by greater reactivity of the thiol with the metal cations, compared to the amine, and the ability of DDT to reduce disulfide bonds. The combined ability of DDT to extract Cu and to reduce disulfide bonds reversed the dependence of Sn incorporation on the valency of the Sn source. 
The results presented above show that Sn ions of different valences can incorporate into copper sulfide of different stoichiometry and crystal structure and that this incorporation is influenced by the addition of ligands that can extract Cu from Cu 2−x S and that can reduce disulfide bonds in covellite. The impact of Sn incorporation on the free carrier concentration can be tracked by observing the red shift and decreased intensity of LSPR absorbance. 28 The covellite structure can be described by a repeat unit composed of a layer of triangular CuS 3 units, sandwiched between two layers of CuS 4 tetrahedra (see Figure S10 in the SI). Each triple layer is then linked to a top and bottom triple layer by disulfide bonds. 33 The disulfide bonds not only link the CuS triple layers but also provide two free holes in the valence band per unit cell. 34 Covellite thus behaves as a semimetal with the highest hole concentration among the family of stable Cu 2−x S (0 ≤ x ≤ 1) materials. The disulfide bonds also appear to play a key role in the transformation from CuS to CTS. We propose that Sn 2+ can reduce the disulfide bonds and can thus be simultaneously oxidized and incorporated into the covellite structure. Reduction of disulfide bonds decreases the concentration of free holes in the NPls. With the NPl geometry and other parameters fixed, the LSPR energy is approximately proportional to the square root of the free hole concentration. Thus, reduction of the disulfide bonds produces a red shift of the LSPR absorbance peak of the NPls. In contrast to Sn 2+ , Sn 4+ ions cannot be further oxidized and therefore cannot reduce disulfide bonds. Addition of Sn 4+ to the CuS dispersion, which contains excess sulfur, thus leads to formation of SnS 2 as a separate secondary phase rather than incorporation of Sn into the covellite host lattice. Conversely, when Sn 2+ is used in the presence of DDT, the Sn 2+ is not oxidized to Sn 4+ and is not incorporated into the covellite lattice. Instead, it remains in its Sn 2+ oxidation state and forms SnS. Covellite can be described as Cu 6 S 6 , in which four of the Cu ions have tetrahedral coordination and two have triangular coordination, while four of the S atoms form two disulfide bonds and two S atoms are present as sulfide ions. The product of CuS treatment with Sn 2+ is kuramite, with a tetragonal structure (space group I4̅ m2). If the cations are fully ordered, then the 2a and 4d positions are occupied by Cu, while Sn is at the 2b position and S is at the 8i position 5 (see Figure 8 ). In this structure, all of the atoms are tetrahedrally coordinated. To convert covellite to kuramite, each entering Sn 2+ ion must break a disulfide bond and migrate to a suitable positon. Breaking all of the disulfide bonds leads to formation of kuramite CTS NCs. The observed upper limit of tin incorporation of one Sn for every three Cu atoms (two Sn per unit cell) corresponds to the amount required to break the two disulfide bonds per unit cell. The color of the supernatant and the dispersions of NPls before and after conversion from covellite to kuramite ( Figure S11a,b) support the conclusion that the solid-state phase transformation occurred by reduction of disulfide bonds and insertion of Sn ions rather than cation exchange. Any significant concentration of Cu ions in the supernatant would produce a visible blue or green color, which was not observed. Manna's group has similarly reported that S−S bonds are ruptured by electron donors and foreign metal cations. 35 Note that conversion of covellite to kuramite requires incorporation of two additional S atoms per unit cell, along with the addition of two Sn atoms per unit cell, transforming the Cu 6 S 6 unit cell to Cu 6 Sn 2 S 8 .
XPS analysis of the kuramite NPls produced by addition of Sn 2+ to covellite NPls revealed that copper was present solely as Cu + ; no Cu 2+ satellites were observed (see Figure S12a− ). 38, 39 Comparing the XPS of kuramite NPls to that of the covellite NPls in our previous study 21 suggests that the S is present entirely as S 2− in the kuramite NPls, in contrast to its mixed valence in covellite. The observed oxidation states would imply a formula of (Cu + ) 3 4 , which does not reflect a balance between the cation and anion valences. The ambiguity of the oxidation states is similar to that of the parent covellite structure, and simply reflects the fact that the description of bonding in these structures, in which the bonds have substantial covalent character, is not perfectly described by strict oxidation states.
When DDT was present, it could either reduce disulfide bonds directly or could extract Cu + and then the Cu + could reduce the disulfide bonds. EDX and XRD showed that CTS synthesized from covellite using a combination of DDT and Sn 4+ adopted a different crystal phase than that prepared using Sn
2+
. These results not only show that this approach to producing CTS NPls is flexible and controllable but also suggests that the transformation mechanisms in the two cases are significantly different. To investigate the effect of DDT, we consider the change of crystal structure upon Sn incorporation. cations. In contrast with kuramite formation, in which breaking of disulfide bonds makes space for entering Sn, the formation of mohite involves replacement of Cu with Sn in the covellite framework. In the covellite lattice, one-third of the Cu has planar trigonal coordination, and the remaining two-thirds of the Cu has tetrahedral coordination. The more weakly bound trigonally coordinated copper is presumably more easily extracted and therefore is most likely to be replaced by Sn.
■ CONCLUSION
In this study, we observed that Sn incorporation into copper sulfide is strongly influenced by the crystal structure of the copper sulfide, the oxidation state of the Sn source, and the presence of an extracting ligand. We exploited this dependence to obtain two different phases of CTS from the same covellite template nanoplatelets (NPls) 
